A B S T R A C T Micropuncture studies were performed in the dog to examine the relationship between sodium and phosphate transport in the proximal tubule. In hydropenic, thyroparathyroidectomized animals, administration of parathyroid extract, saline, or acetazolamide resulted in a fall in proximal tubule fluid-to-plasma (TF/P) inulin ratio as well as a rise in tubule fluid-toplasma ultrafilterable (TF/UF) phosphate ratio. A correlation was found between the changes in fractional reabsorption of sodium and phosphate but the phosphate changes were generally greater than those of sodium. Also, a high distal phosphate delivery in the face of low fractional excretion of phosphate in the urine in thyroparathyroidectomized dogs suggests significant phosphate reabsorption in the distal nephron. On the other hand, calcium chloride infusion to saline-loaded, normal dogs to suppress endogenous parathyroid hormone reduced proximal TF/UF phosphate without change in TF/P inulin, while both parameters remained unchanged in saline-loaded, thyroparathyroidectomized dogs after calcium infusion. An increase in proximal TF/UF phosphate associated with unchanged TF/P inulin was also demonstrated by administration of highly purified parathyroid hormone to saline-loaded, thyroparathyroidectomized dogs. It was concluded that although proximal tubule phosphate transport is generally closely related to that of sodium, the two can dissociate under certain experimental conditions, especially under the influence of parathyroid hormone. These observations also indicate that the effect of parathyroid hormone on proximal tubule phosphate transport is not solely dependent upon its effect on sodium transport.
INTRODUCTION
Renal tubule handling of inorganic phosphate has been studied by clearance methods (1) (2) (3) (4) (5) (6) (7) (8) and to a limited extent by micropuncture techniques (9) (10) (11) (12) (13) (14) . The available information in the literature favors the concept that filtered phosphate is reabsorbed almost exclusively by the proximal tubule and excreted in the urine with little further modification (9) . This has led to the use of phosphate clearance as an indicator for proximal tubule transport (15, 16) . On the other hand, evidence for distal phosphate reabsorption has been reported (11) .
It has also been demonstrated that a correlation exists between phosphate and sodium reabsorption since the maneuvers to inhibit sodium reabsorption, such as extracellular volume expansion or administration of diuretics, lead to phosphaturia (5) (6) (7) (8) 17) . As previous micropuncture studies have shown that parathyroid hormone, a potent phosphaturic agent, inhibits proximal tubule sodium as well as phosphate reabsorption (12, 13, 18) , it has been suggested that proximal tubule phosphate transport may be dependent on reabsorption of sodium in the same segment, and the dissociation in the transport of the two ions occurs only in the distal nephron, where phosphate is presumably poorly reabsorbed (12, 19) .
Our present micropuncture studies were undertaken to evaluate the relationship between phosphate and sodium transport in the proximal tubule in thyroparathyroidectomized (TPTX)' dogs after various maneuvers such as infusion of parathyroid extract, saline and acetazolamide to inhibit phosphate reabsorption. Also, proximal tubule phosphate transport was studied after maneuvers l Abbreviations used in this paper: FE, fractional excretion; FR, fractional reabsorption; GFR, glomerular filtration rate; P, plasma; PAH, para-aminohippurate; PTX, parathyroidectomized; TF, tubule fluid; TPTX, thyroparathyroidectomized; UF, plasma ultrafiltrate.
The Journal of Clinical Investigation Volume 53 January 1974 *143-153 designed to change the level of parathyroid hormone in saline-loaded animals, such as infusion of calcium chloride and administration of exogenous parathyroid hormone. These experiments were intended to examine whether a dissociation between the proximal tubule transport of the two ions could be demonstrated when sodium reabsorption by this segment was already inhibited. Our results indicate that although proximal tubule phosphate transport generally parallels that of sodium, the two processes can be dissociated under certain experimental conditions, especially under the influence of parathyroid hormone. The data also suggest that a significant fraction of filtered phosphate is reabsorbed in the segment distal to the proximal tubule in the dog nephron in the absence of parathyroid hormone.
METHODS
Micropuncture studies were performed in 35 mongrel dogs of either sex weighing 12-20 kg. Animals were maintained on and allowed free access to regular dog food, which contained phosphate amounting to 100 mmol/100 g. The average dietary phosphate intake was therefore as high as 100-300 mmol/day. Water was withheld the night before the micropuncture experiments. 1-3 days before the studies, the thyroid and parathyroid glands were exposed and identified by midline neck incision, and these were completely removed. In order to prevent the development of tetany, the animals were then placed on high calcium intake by addition of calcium carbonate to the dog food, and whenever necessary, parenteral calcium gluconate was administered for correction of tetany. The effectiveness of thyroparathyroidectomy was confirmed by the development of hypocalcemia. Recollection micropuncture studies were carried out in six groups of animals. Group 1. In six TPTX dogs, micropuncture experiments were performed during the first phase of hydropenia, followed by the second phase with i.v. administration of parathyroid extract (Parathormone, Eli Lilly & Co., Indianapolis, Ind.). Parathyroid extract was given as a priming dose of 150 U i.v. and this was followed by a sustaining infusion of the same dose per hour. Group 2. Recollection micropuncture studies were performed in six TPTX dogs during hydropenia and after expansion of the extracellular fluid volume to 5% of body weight. The In 20 pairs of recollected and control proximal TF samples in TPTX dogs during hydropenia, mean ratio of the two TF/P2 to TF/P1 was 0.99±0.10 SD, and that of phosphate ratios TF/UF2 to TF/UF1 1.01+0.10 SD in 23 pairs. During saline diuresis, these values were 1.01±0.09 SD for inulin in 22 pairs and 0.99±0.11 SD for phosphate in 18 pairs of recollected samples.
Plasma values for inulin and sodium, and those in the plasma UF for phosphate, were used for clearance calculations without correction for Donnan distribution. Both micropuncture and clearance data were analyzed statistically by Student's t test (26) for comparison of paired mean values per animal for the two experimental phases.
RESULTS
Effect of phosphaturic maneuvers in hydropenic, TPTX dogs. The relationship between renal transport of phosphate and sodium was studied in 18 hydropenic TPTX dogs before and after enhancement of phosphate excretion by administration of parathyroid extract, isotonic saline, or acetazolamide. The clearance data of the micropunctured kidney in these experiments are summarized in Table I . Mean glomerular filtration rate (GFR) remained unchanged after parathyroid extract and saline but was reduced significantly by 29% after Experiments in saline-loaded dogs. Since the foregoing experiments demonstrated a correlation between changes in phosphate and sodium transport in the proximal tubule, additional studies were performed in salineloaded dogs to examine whether changes in proximal tubule phosphate transport could occur under the conditions in which proximal tubule sodium reabsorption was already inhibited. In six normal dogs, after saline infusion to 5% body weight, recollection micropuncture experiments were carried out before and after infusion of calcium chloride to suppress endogenous parathyroid hormone. The results were compared with those of five saline-loaded, TPTX dogs studied under the same experimental protocol. The clearance data of these experiments are summarized in Table III . Mean GFR was re- in the saline-loaded, TPTX dogs, mean FR phosphate at the urine level was reduced by 14% of filtered load while that at the late proximal tubule remained unchanged after calcium infusion.
In order to further demonstrate the dissociation between phosphate and sodium transport in the proximal tubule, highly purified parathyroid hormone was administered to six saline-loaded, TPTX dogs, and the results are also summarized in Tables III and IV Comparison of phosphate and sodium transport in the proximal tubule. Correlation between phosphate and sodium transport in the proximal tubule was evaluated by comparing changes in FR in this segment calculated from our micropuncture data. Mean increments in FR of the two ions for each experiment are plotted against each other in Fig. 5 . The diagonal line represents oneto-one relationship for the two ions. In hydropenic, TPTX animals, indicated by closed symbols, there was a significant correlation (r= 0.69) between the transport changes of the two ions when their FR was reduced by administration of parathyroid extract, saline, or acetazolamide. However, all but three points are above the diagonal line, indicating greater effect of these maneuvers on FR phosphate than FR sodium. On the other hand, dissociation between phosphate and sodium reabsorption was demonstrated in the saline-loaded animals, indicated by open symbols, with increased FR phosphate without sodium changes in normal dogs after calcium infusion, and reduced phosphate transport with unchanged sodium reabsorption in TPTX dogs after parathyroid hormone.
DISCUSSION
Available micropuncture studies in the literature (9) (10) (11) (12) (13) (14) have shown that phosphate is reabsorbed by the proximal tubule in greater proportion than the corresponding 148 S.-F. Wen plasma (or plasma UF) level with mean proximal TF/P (or TF/UF) phosphate at about 0.6-0.7. This is in contrast to proximal tubule handling of major cations such as sodium (27, 28) , potassium (27, 28) , calcium (10, 29) , and magnesium (30) (12, 19) and rats (9, 10, 13) and much higher than those reported in parathyroidectomized (PTX) rats (13, 14) and dogs (36) . Although the reason for the difference is not readily apparent, high dietary intake of phosphate in our dogs may be responsible for the higher proximal TF/UF phosphate in outr studies, since reducing intestinal absorption of phosphate by administration of aluminum-hydroxide gel resulted in a lower mean proximal TF/UF phosphate of 0.45.' Furthermore, Van Stone and Hano (37) showed that urinary excretion of phosphate increased similarly on increased dietary phosphate in both intact and PTX rats, indicating the importance of dietary phosphate intake on renal phosphate transport. Although the longer duration of TPTX in our animals, as compared to acutely PTX state studied by others, may also be responsible for the higher proximal TF/UF phosphate, our micropuncture data in acutely TPTX dogs (38) , as well as those by Amiel, Kuntziger, and Richet (11) (39, 40) and greater FR phosphate by the deep nephrons may be responsible for the difference in the remaining fractions between the superficial end proximal tubule and the final urine. However, functional heterogeneity in the dog kidney is probably relatively small (41) , as almost 100% of the nephrons possess long loops of Henle (42) with the ratio of superficial to deep nephron GFR at about 0.8 (43) . Since cortical nephrons functionally comprise the majority of total nephrons, even a complete reabsorption of filtered phosphate by the deep nephron proximal tubules cannot account for 25% difference in the remaining fractions observed in our studies. Although the 25% discrepancy may also represent further reabsorption by the pars recta of the proximal tubule, reabsorption in this segment is thought to be of much smaller magnitude than that in the pars convoluta (44) . Also the generous assumption of 2.5 as the end proximal TF/P inulin in the dog used in our calculation of remaining phosphate fraction should greatly minimize the possibility of additional proximal tubule reabsorption over our estimated value. Therefore, it is more reasonable to assume that further phosphate reabsorption occurred distal to the proximal tubule in our TPTX dogs. A similar conclusion was reached by Amiel et al. (11) in the rat, and additional evidence in our studies (vide infra) also supports the existence of distal phosphate reabsorption. However, distal tubule micropuncture study of phosphate reabsorption is necessary to further confirm these observations. Our finding of possible distal phosphate reabsorption in TPTX dogs is at variance with microinjection (45, 46) and microperfusion (47) studies in intact rats in which no significant distal reabsorption was demonstrated. The reason for this difference is unknown but it is possible that demonstration of distal phosphate reabsorption requires the absence of endogenous parathyroid hormone. It may also represent a species difference in renal handling of phosphate. The generally higher plasma phosphate level in the rat (9, 11, 13) than that in the dog (6, 48) under physiological conditions also attests to the existence of difference in phosphate metabolism between the two species.
The effect of parathyroid extract on proximal tubule sodium and phosphate reabsorption in TPTX dogs in our studies was similar to that observed in the intact animals reported in the literature (12, 18 (50) showed that the diminished phosphaturic effect of saline infusion in acutely TPTX dogs was related to low serum phosphate relative to an increased threshold or tubule maximum, or decreased splay. In our studies, the observed reduction in phosphaturic effect appears not to be solely related to low plasma phosphate value since mean UF phosphate in this group was relatively high at 2.2-2.5 mmol/liter. Since fractional delivery of phosphate to the distal neph ron was similar in the first three groups after phospha turic maneuvers, the blunted phosphaturic response ob served after saline infusion must have occurred as a result of an increase in distal FR phosphate relative to its delivery. A similar conclusion was reached by others (14, 51) in the rat after volume expansion. Conversely, administration of parathyroid extract and acetazolamide, in addition to its predominently proximal tubule effect, appears to prevent such a compensatory increase in FR phosphate in the distal nephron, resulting in unabated phosphaturia. These observations lend further support to the existence of distal phosphate reabsorption in the dog nephron.
The effect of acetazolamide or other carbonic anhydrase inhibitors on proximal tubule sodium transport has been studied by micropuncture technique in the past but the results were equivocal in the dog (52) and contradictory in the rat (53) (54) (55) . In our micropuncture study in TPTX dogs, proximal tubule FR sodium was reduced by 13% of the filtered load after acetazolamide. Since this occurred despite 29% fall in GFR, absolute sodium reabsorption by the proximal tubule must be greatly reduced. Our findings of reduced proximal tubule phosphate as well as sodium reabsorption after acetazolamide in TPTX dogs were also supported by the similar observation by Beck and Goldberg (36). It is not known whether the effect of acetazolamide on proximal tubule phosphate transport is secondary to its sodium effect or a direct result of carbonic anhydrase inhibition.
Since the parallelism between the changes in sodium and phosphate reabsorption in the proximal tubule after the three phosphaturic maneuvers suggests some linkage in the transport of the two ions, attempts were made to determine whether the two can be dissociated by changing the endogenous or exogenous level of parathyroid hormone without changing proximal tubule sodium transport. This was carried out by infusion of calcium chloride in saline-loaded normal dogs or administration of highly purified parathyroid hormone to saline-loaded TPTX dogs. Saline-loaded animals were used because it has been shown that proximal tubule FR sodium in the dog, once suppressed by saline infusion, tends to remain unaffected by further inhibitory maneuvers such as graded volume expansion (56, 57) . Indeed, neither calcium infusion nor parathyroid hormone administration, both of which have been shown to reduce proximal tubule sodium reabsorption (12, 18, 58) , significantly altered proximal TF/P inulin in the saline-loaded animals in the present studies. Increased FE sodium observed in the final urine after calcium infusion, therefore, was a result of reduced sodium reabsorption in the distal nephron. This is consistent with the observation by Suki, Eknoyan, Rector, and Seldin (59) (Fig. 4) . In our studies, a dissociation in sodium and phosphate transport in the proximal tubule was demonstrated when endogenous parathyroid hormone was suppressed by calcium infusion in saline-loaded normal dogs and when exogenous parathyroid hormone was administered to saline-loaded TPTX dogs. These observations indicate existence of an independent transport system for phosphate in the proximal tubule, especially under the influence of parathyroid hormone. The demonstration of an independent transport system for the two ions is in contrast to the earlier findings in hydropenic animals during phosphaturic maneuvers and those reported in the literature (12, 18, 19) , in which parallel changes in the transport of the two ions were generally found. The concept of an independent phosphate transport system is helpful in understanding the role of renal excretion in Proximal Tubule Phosphate Transport the maintenance of phosphate homeostasis. It is known that when phosphate load to the body is increased through dietary intake or i.v. administration, urinary phosphate excretion is enhanced not only by an increase in the filtered load but by a reduction in tubule FR either through its direct effect on the tubule or, secondarily, through stimulation of parathyroid hormone (1, 4, 37 ). It appears that this effective homeostatic regulation of renal phosphate transport is, at least in part, dependent on the metabolic influences of phosphate rather than solely related to changes in renal sodium transport. However, the relative importance of sodium-independent and -dependent transport systems for phosphate in determining phosphate excretion in the final urine remains to be elucidated.
